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" PROCESS FOR INCREASING THE FREQUENCY 

OF OPERATION OF A MAGNETIC CIRCUIT AND 
CORRESPONDING MAGNETIC CIRCUIT 

-gE- SCRIPTIOir " 

Field of the Invention 

The purpose of this invention is to provide a 
process for increasing the frequency of operation of a 
magnetic circuit and a corresponding magnetic circuit. 

It has applications in the manufacture of magnetic 
components, especially inductive components (typically 
inductors, either single or multiple, or being part of 
a network of elementary components integrated into the 
same chip), in the manufacture of transformers, 
magnetic-field sensors, or instruments for measuring a 
quantity related to a magnetic field, magnetic 
recording heads, etc. . . 

In inductive components (inductors, transformers, 
magnetic heads, etc. . . ) , it is advantageous to channel 
the magnetic flux by means of a high-permeability 
magnetic circuit as this permits either a gain in 
performance for a given size or a reduction in size for 
a given performance. 

In macroscopic radio- frequency components, 
magnetic circuits are generally made of solid ferrite 
while, in integrated components, stacks of thin layers 
of ferromagnetic alloy (typically Fe-Ni) and insulating 
material are more frequently used. The development of 
such integrated components is presently underway 
through active research in many laboratories . 
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The miniaturization of these components makes it 
possible to increase their working frequency by 
reducing, in particular, propagation and induced- 
current phenomena . 
5 The performance of insulator /alloy composites in 

the form of thin layers is much better than that of 
ferrite components and makes it possible to consider 
operation at frequencies extending well beyond the 
radio- frequency range. Nonetheless, these materials 

10 have their own limitations, related either to 
fundamental phenomena or to the technology used. Two 
limiting phenomena related to technology are skin 
effect and dimensional resonance. Both have the effect 
of reducing the effective permeability of the composite 

15 and altering its frequency response. 

The first one can be avoided (or limited) by, as 
is done conventionally, choosing a thickness for the 
magnetic 1 layers in the stack much smaller . than, or on 
the same order of size as, the skin depth. As an 

20 example, the skin thickness is 0.2 jam at 1 GHz for the 
Fe-Ni alloy. 

The second one, related to dimensional resonance, 
is associated with the electromagnetic propagation 
inside the composite in directions parallel to the 

25 layers. It can be limited, in one case, by maintaining 
a sufficient thickness of insulating material between 
the magnetic layers (to the detriment of the packing 
factor) and, in the other case, by limiting the side 
dimensions of the magnetic circuits or the cores. 

30 Consequently, for a frequency of 1 GHz, the width 

of the Fe-Ni magnetic circuit or magnetic core should 
be much less than 700 jim, a condition just about 
compatible with integration concerns. 
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Another limitation, unrelated to the technology 
involved and more fundamental in nature, corresponds to 
the phenomenon of gyromagnetic resonance. The frequency 
of this resonance constitutes, as is known, an upper 
5 limit in the usable frequency range, knowing that at 
frequencies below this resonance the relative 
permeability is practically constant and equal to its 
static value. It is well known that, in an alloy with a 
given composition, it is possible, by means of simple 

10 heat treatments, to vary the permeability and the 
resonant frequency. Consequently, the limitation due to 
gyromagnetic resonance is not expressed only in terms 
of frequency. It can be shown that the product u 2 .f r 2 , 
where u 2 is the static value of /the permeability and f r 

15 the gyromagnetic resonant frequency,' is constant for an 

: alloy with a given composition when, through treatment 
after deposit, u 2 and f r are modified at the same time. 
This product thus constitutes a merit factor for the 
material, which depends only on its composition. It can 

20 be shown that it depends practically only on the 
spontaneous magnetization of the alloy. For the Fe-Ni 
alloy : 

U2.fr 2 = 13 00 GHz 2 
For a composite whose packing factor is r\ , there is 
25 simply: 

y 2 .f r 2 = Tl.1300 GHz 2 
The existence of such a relationship shows that u 2 and 
f r cannot be modified independently. 

In particular, operation at higher and higher 
30 frequencies requires a reduction in magnetic 
permeabi 1 i ty . 

For a given working frequency f, an attempt is 
thus made, in general, to condition the material in 
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such a way that the resonant frequency f r lies well 
above f. This assumes that the material can be adapted 
to the application under consideration. The resonant 
frequency could be modified by a heat treatment after 
5 deposit. But this technique has drawbacks: 
compatibility with the device's manufacturing processes 
is not assured and, in any case, the variations 
obtained remain small. 

The purpose of the invention is to overcome these 
10 drawbacks . 

Summary of the Invention 

It involves increasing the operating frequency of a 
magnetic circuit. Increasing the operating frequency of 
a magnetic circuit means raising to a higher frequency 

15 level at least the most ■ restrictive phenomenon, this 
phenomenon being, in particular, gyromagnetic 
resonance, skin effect, dimensional resonance, etc... 

To this end, the invention recommends introducing 
gaps into the circuit, these gaps being perpendicular 

20 to the direction of the field, i.e. perpendicular to 
the circuit's median line. These gaps will create a 
highly effective demagnetizing field in the material. 
The magnetic permeability will be lowered without the 
overall shape of the circuit or the magnetic material 

25 being modified. For example, in the case of magnetic 
recording heads (in which there is already at least one 
air gap) , gaps can be added to the rest of the circuit 
in order to increase the frequency tolerance of the 
magnetic material. The more gaps there are 

30 perpendicular to the median flux (therefore to the 
median line of the magnetic circuit in the direction of 
the field) , the more the demagnetizing field is 
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increased and the more the permeability of the circuit 
is reduced, improving to the same extent its frequency 
tolerance. The magnetic circuit's cut-off frequency 
could thus be adapted to a set of specifications and 
5 the best possible permeability could be obtained for 
this frequency range with a given material. 

It can be emphasized that, in a magnetic 
component, an attempt is sometimes made to maximize the 
permeability of the magnetic circuit in order to 

10 minimize losses. Consequently, due to the relationship 
pointed out above, showing that the product of the 
permeability and the square of the resonant frequency 
remains constant for a given material, the higher the 
effective magnetic permeability of the material, the 

15 lower the gyromagnetic resonant frequency; this limits 
the component's operating frequency range. This 
limitation could be a hindrance for high-frequency 
applications such as the manufacture of integrated HF 
inductors (useful in particular for mobile telephones), 

20 HF transformers, HF magnetic recording heads, ... 

This invention runs counter to these tendencies by 
advocating on the contrary a reduction in permeability. 

To be precise, the purpose of this invention is to 
25 provide a process for increasing the operating 
frequency of a magnetic circuit, this process being 
characterized by the fact that it consists of forming, 
in at least one part of this circuit, gaps 
perpendicular to the median line of the magnetic 
30 circuit. 

In one advantageous method of implementation, the 
gaps are formed in parallel planes. 
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In another method of implementation, evenly-spaced 
gaps are formed with a certain pitch and a certain 
width. 

The purpose of this invention is also to provide a 
5 magnetic circuit characterized by the fact that it 
contains, in at least one part of it, gaps 
perpendicular to the median line of the magnetic 
circuit and placed in parallel planes. 

In an advantageous variant, these gaps are evenly 
10 spaced. 

The invention offers many advantages: 
D a) It provides the means of adjusting the 

sfK operating frequency range of a core or magnetic 

C3 circuit, thus that of a component, while at \ the same 

%!' 15 time, maintaining the best possible permeability. In 

4i practice, while using the same magnetic material, it is 

^ possible to choose a gap size and a spacing* for these 

G gaps so that, in particular, the gyromagnetic resonant 

5"s frequency and the other characteristic frequencies are 

-iJ 20 matched to the component's specifications. Instead of 

changing either the magnetic material or the shape of 

fee? 

the magnetic circuit for each frequency range desired, 
it is consequently possible to have a wide range of 
possible frequencies for each pair (material, circuit 
25 shape) . 

b) It is fully compatible with the circuit 
manufacturing processes . 

c) It does not change the macroscopic shape of 
the component or its magnetic circuit. 

30 d) It provides the means of using the same 

magnetic material to make components having different 
operating frequencies . 
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Brief Description of the Drawings 

figure 1 shows the variations in the 
gyromagnetic resonant frequency f r in relation to the 
ratio (e/p) of the width (e) to the pitch (p) of the 
5 gaps ; 

figures 2a to 2e show the steps in the 
manufacture of part of a magnetic circuit for an 
initial variant of the invention; 

- figures 3a to 3c show the steps in the 

/ ... 

^/10 manufacture of part of a magnetic circuit for a second 

variant of the invention; 

- figure 4 shows an example of a magnetic circuit 
resulting from the invention, in the form of a toroid; 

figure 5 shows another example of *_ a magnetic 
15 circuit -resulting from the invention -/adapted to a 
magnetic pickup head. 

Detailed Description of an Embodiment of the Invention 

Producing a magnetic layer broken at regular 
intervals by gaps of width (e) made in the direction of 
20 the median line of the magnetic circuit with spacing 
(p) , with a material having an intrinsic permeability 
U, whose static value is u s , amounts to creating 
artificially a layer of material with an effective 
permeability of ]i ef whose static value is \i eSf such 
25 that : 

1/Ues = (1/Ps) + (e/p) 

When (e/p) increases, 1/Ues increases 

correspondingly, which shows that \i es decreases. The 
30 decrease in u es is accompanied by a correlative increase 
in the resonant frequency in accordance with the 
relationship : 
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l^es • f r — C / 

in which C is a constant. 

For a desired frequency f r , knowing the constants 
5 C and p s of a material, it is possible to calculate the 
permeability ]i es to be obtained and find a width-pitch 
pair (e,p) satisfying the equation l/pes = (l/u s ) + 
(e/p) . The circuit obtained, with its gaps having the 
corresponding dimensions and spacing, then has a 

10 frequency tolerance reaching f r . 

The preceding equations are in fact ' fairly 
approximate, the notion of permeability becoming itself 
less precise as the realm of magnetic fields is 
approached. To obtain greater precision, it is also 

15 , possible, for each magnetic material, being considered, 
-to fabricate experimental devices with gaps with 
variable dimensions and spacings, .and. .measure precisely 
the magnetic circuit's frequency tolerance, adopting in 
the end the optimum configuration. 

20 The invention applies to single-layer magnetic 

circuits as well as to multi-layer circuits. Figure 1 
gives, for example, the variation in the cut-off 
frequency f c in relation to the ratio e/p for an iron- 
nickel and silicon nitride composite. The relationship 

25 linking the permeability \i s and the frequency f r is, in 
this case: u s . f r 2 = 1300 (GHz) 2 . 

When there are no gaps, the frequency f r is 
slightly below a Gigahertz and increases to 
approximately 10 GHz for gaps whose width is on the 

30 order of one tenth of the pitch (e/p = 10" 1 ) . 

More roughly, it is also possible to estimate the 
influence of the evenly-spaced gaps on the other two 
characteristic frequencies related to the skin effect 
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and dimensional resonance. Consequently, in a magnetic 
circuit of any shape, but having evenly-spaced gaps, 
therefore spread out regularly over the length of the 
circuit, it can be considered that the effective 
5 permeability defined by the equation l/u e s = 1/Us + e/p 
takes on a local aspect. It can then be shown that the 
two frequency limits being considered, that due to the 
skin effect and that due to dimensional resonance, are 
multiplied, respectively, by Vu s /u e s and by u s /u e s- 
10 In all of these considerations, it is assumed of 

course that, for a multi-layer (or laminated) material, 
grooves were made throughout the layers . 

Figuris 2a to 2e illustrate five steps of a 

• process 0or making a magnetic layer buried in t a 
15 substrateL^n this example, - the- magnetic layer is a * 

branch en£\^a \iagnetic circuit belonging to a vertical. 

• built-in jfqpil- type magnetic head such- as that described 
in request FR-A-2 745 111. In addition, this magnetic 
layer is multi-layer and the thicknesses of the various 

20 layers ^re not to the same scale in these figures . 

In this process, the operations start with a 
substrate 10 (fig. 2a) which is, for example, made of 
silicon. On this substrate is deposited a thick layer 
12 consisting of several microns of insulating 

25 material, silica for example. This layer 12 is next 
engraved by means of a mask having evenly-spaced 
openings. Pits 14 separated by walls 16 are then 
obtained (fig. 2b) . The thickness of these walls 
determines the width e of the future gaps and their 

30 spacing determines the pitch p of the said future gaps. 

Next, an undercoat 2 0 is deposited on the entire 
surface (fig. 2c) by, for example, sputtering with Fe- 
Ni, and a resin mask 22 is formed leaving clear the 
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area where it is desired to produce the magnetic layer 
broken by the gaps . 

Next, the magnetic layer 24 is deposited (fig. 2d) 
by, for example, electrolytic growth of Fe-Ni on 
5 undercoat 20. The resin is then dulled, all surfaces 
are annealed if necessary, and a layer of insulating 
material 26 is deposited, for example Si3N 4 . 

The operations of depositing an undercoat 20, 
masking, depositing a magnetic material 24, dulling of 
10 the resin, and depositing an insulating layer 26 are 
repeated, in this example of fabrication, several times 
so as to obtain a magnetic circuit composed of a stack 
of magnetic layers separated by non-magnetic layers, 
the second magnetic layer not necessarily being covered : 
15 by an insulating layer. 

The stack thus formed is next planed down: by « 
mechanical or mechanochemical grinding (fig. 2e) . . A „ 
. set of magnetic slabs 3 0 separated from each other by 
gaps 32 is then obtained. 
20 In the case of a single-layer magnetic circuit, 

the first magnetic layer 24 is grown, electrolytically 
for example, on undercoat 2 0 to a height filling the 
pits and planing down is then carried out as in figure 
2e after dulling. 

25 

Figures 3a to 3c illustrate schematically another 
method for implementing the process involved in the 
invention. In figure 3a, the operations start with 
substrate 40 (made of silicon, for example) and this 
30 substrate is covered over with an insulating layer 42 
(made of SiC>2, for example) . Next, a stack of 
alternating layers is deposited (fig. 3b), respectively 
magnetic 44 and insulating 46. The magnetic layers can 
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be deposited by sputtering. The insulating layers can 
be made of Si 3 N 4 and be deposited by sputtering. A resin 
mask 48 is next formed with openings 50. 

Lastly, by means of an engraving operation (fig. 
5 3c) , gaps 52 are formed in the multi-layer stack. 

As in the previous case, this manufacturing 
variant can be used to produce a single-layer magnetic 
material . 

10 Figure 4 shows an example of a magnetic circuit as 

defined by the invention. This involves a toroid 60 
whose median line 62 is a circle. This circuit has gaps 
64 perpendicular to this median line. They are 
therefore radial. The plane of these gaps rotates: 360° 

15 when current flows through the circuit. A winding 66 is 
also shown. . ■ . ; 

Figure 5 shows another example of a magnetic 
circuit and corresponds to a magnetic pickup head. This 
circuit 70 shows a rounded rear portion' and two side 

20 branches bent inwards so as to form an air gap 72 . 
Median line 74 is roughly circular at the rear and 
turned inwards from both sides. Gaps 76 are 
perpendicular to this median line. The circuit is 
completed with a conductive winding 7 8 and is placed 

25 opposite a magnetic surface 80 carrying data in 
magnetic form. 

It can be understood, through these examples , that 
the gaps do not necessarily lie in the same direction 
throughout the circuit. This direction may change from 

30 one point to another. It depends on the circuit's 
median line, therefore on the direction of the magnetic 
flux channeled by the circuit. 
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